The effects of two supercharging reagents, m-nitrobenzyl alcohol (m-NBA) and sulfolane, on the charge-state distributions and conformations of myoglobin ions formed by electrospray ionization were investigated. Addition of 0.4% m-NBA to aqueous ammonium acetate solutions of myoglobin results in an increase in the maximum charge state from 9ϩ to 19ϩ, and an increase in the average charge state from 7.9ϩ to 11.7ϩ, compared with solutions without m-NBA. The extent of supercharging with sulfolane on a per mole basis is lower than that with m-NBA, but comparable charging was obtained at higher concentration. Arrival time distributions obtained from traveling wave ion mobility spectrometry show that the higher charge state ions that are formed with these supercharging reagents are significantly more unfolded than lower charge state ions. Results from circular dichroism spectroscopy show that sulfolane can act as chemical denaturant, destabilizing myoglobin by ϳ1.5 kcal/mol/M at 25°C. Because these supercharging reagents have low vapor pressures, aqueous droplets are preferentially enriched in these reagents as evaporation occurs. Less evaporative cooling will occur after the droplets are substantially enriched in the low volatility supercharging reagent, and the droplet temperature should be higher compared with when these reagents are not present. Protein unfolding induced by chemical and/or thermal denaturation in the electrospray droplet appears to be the primary origin of the enhanced charging observed for noncovalent protein complexes formed from aqueous solutions that contain these supercharging reagents, although other factors almost certainly influence the extent of charging as well. (J Am Soc Mass Spectrom 2010, 21, 1762-1774) © 2010 Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry W ith electrospray ionization (ESI), gaseous multiply charged molecules can be formed directly from solution, which is a significant advantage for the analysis and structural characterization of large molecules and noncovalent complexes by mass spectrometry (MS). Multiple charging results in m/z ratios of large molecules that are typically within a range where the performance of most mass spectrometers excel, making it possible to measure masses of large molecules with virtually any type of mass spectrometer. Multiply charged ions can often be more readily fragmented in tandem MS experiments aimed at structural characterization, such as peptide or protein sequencing [1] , and higher charge state ions can be more readily detected in some mass spectrometers, such as the Orbitrap and Fourier-transform ion cyclotron resonance (FT/ICR) instruments, where the ion signal is directly proportional to charge [2, 3] . The masses of individual ions up to 100ϩ MDa have been measured in FT/ICR MS [4 -6] and mass information has been obtained from intact viruses using instruments in which both the m/z and the charge of an individual ion are measured directly [7, 8] .
W ith electrospray ionization (ESI), gaseous multiply charged molecules can be formed directly from solution, which is a significant advantage for the analysis and structural characterization of large molecules and noncovalent complexes by mass spectrometry (MS). Multiple charging results in m/z ratios of large molecules that are typically within a range where the performance of most mass spectrometers excel, making it possible to measure masses of large molecules with virtually any type of mass spectrometer. Multiply charged ions can often be more readily fragmented in tandem MS experiments aimed at structural characterization, such as peptide or protein sequencing [1] , and higher charge state ions can be more readily detected in some mass spectrometers, such as the Orbitrap and Fourier-transform ion cyclotron resonance (FT/ICR) instruments, where the ion signal is directly proportional to charge [2, 3] . The masses of individual ions up to 100ϩ MDa have been measured in FT/ICR MS [4 -6] and mass information has been obtained from intact viruses using instruments in which both the m/z and the charge of an individual ion are measured directly [7, 8] .
Although ESI mechanisms [9 -16] are still debated, several well-known factors contribute to the extent of charging, including analyte conformation [17, 18] , solution pH [19] , instrumental parameters and desolvation conditions [20] , solvent and analyte basicity [21] [22] [23] , and solvent surface tension [13] . While many methods to decrease analyte charging have been developed [21] [22] [23] [24] [25] , few techniques to increase charging have been reported. Protein ions formed from denaturing solutions can have significantly higher charge states compared with those formed from aqueous solutions where the molecules are in a native or native-like state [17, 18] . Charging of proteins in ESI from denaturing solutions can be further enhanced by adding small amounts of some low-volatility compounds [13, 26, 27] . For example, addition of m-NBA to denaturing solutions (methanol/water/acetic acid) containing cytochrome c re-sulted in an increase in the maximum charge state from 21ϩ to 24ϩ and an increase in the average charge state from 17.3ϩ to 20.8ϩ [27] . This "supercharging" method has been used to produce higher charge state ions for improved structural information from MS/MS experiments [28 -32] . The mechanism for supercharging by these added reagents has been controversial. As a charged droplet formed by ESI evaporates, the composition of the droplet will become enriched in the less volatile components [13] . For example, m-NBA is significantly less volatile than water or methanol, so the presence of even low initial concentrations of m-NBA results in a significant increase in its concentration as droplet evaporation occurs. The surface tension of a solution containing water/methanol/acetic acid with m-NBA in which a protein is largely denatured will increase as droplet evaporation occurs and the increased surface tension can lead to enhanced charging of proteins from these solutions [13, 27] .
In a recent study of droplet evaporation and discharge dynamics, Grimm and Beauchamp [33] reported that trapped methanol droplets produced by ESI that initially contained 2% m-NBA evaporate down to a core size that remained unchanged for the duration of the analysis (ϳ1 s), consistent with nearly complete evaporation of the methanol on this long time frame. As the droplet composition changes, several physical properties, including droplet surface tension, effective basicity, and temperature, can change as well. For example, an increased droplet lifetime will result in more collisions as the droplet is introduced into the mass spectrometer, and there will be less evaporative cooling at the later stages when the droplet composition is significantly enhanced with the supercharging reagent. This should result in a droplet with a higher temperature than one that does not contain the supercharging reagent, and this higher temperature may cause destabilization or denaturation of the protein complex [34] . Because of the potential for some additives to affect protein conformation or other factors that can affect charge, either in bulk solution and/or in the electrospray droplet, effects of any individual parameter, such as droplet surface tension, can be more difficult to identify in experiments where many factors contribute to charging.
In the late 1800s, Lord Rayleigh predicted that the maximum number of charges, z R e, which a spherical droplet can hold, is given by eq 1;
where z R is the unit charge limit, e is the elementary charge, 0 is the permittivity of the surrounding medium, ␥ is the surface tension, and R is the droplet radius [35] . The charge on a large ion formed by either a charged residue [36] or ion evaporation [37] process should be related to the overall charge density on a droplet. Because m-NBA has a higher surface tension than methanol [27] , addition of even small amounts of m-NBA to solutions that contain substantial amounts of methanol will result in an increase in the droplet surface tension as methanol preferentially evaporates from the cluster, and enhanced charging of the analyte can occur. For example, addition of m-NBA to methanol solutions containing an amine-functionalized dendrimer, poly(propyleneimine (DAB-16)), resulted in a significant increase in charging to this molecule whereas addition of m-NBA to aqueous solutions containing the same dendrimer resulted in a decrease in charging [13] . The surface tension of m-NBA (50 Ϯ 5 mN/m [27] ) is higher than that of methanol (22.1 mN/m at 25°C [38] ), but lower than that of water (72.0 mN/m at 25°C [38] ). Because DAB-16 cannot undergo large conformational changes [39] , the studies with this dendrimer provide a more rigorous test of the effects of droplet surface tension on charging than studies using proteins [40 -44] , where competing effects, such as conformational changes, can occur.
Recently, Loo and coworkers found that addition of m-NBA and some other compounds, including sulfolane, to aqueous solutions containing noncovalent protein complexes can result in enhanced charging [43, 44] . Based on circular dichroism and H/D exchange measurements, they concluded that addition of 1.0% m-NBA to aqueous solutions does not affect the solutionphase structure of myoglobin in the initial solution [43] . Because m-NBA has a lower surface tension than water, enrichment of m-NBA in an evaporating droplet should result in a lower surface tension and lower charge state in the absence of competing effects, such as protein structural changes. We recently proposed that the enhanced charging observed for protein complexes in ESI from aqueous solutions containing supercharging reagents, such as m-NBA, are the result of protein conformational changes that occur as a result of reduced evaporative cooling of the electrospray droplet as the concentration of the low volatility supercharging reagent is increased, resulting in higher droplet temperatures compared with solutions that do not contain these supercharging reagents [34] . The extent of charging and dissociation observed for large macromolecular protein complexes was similar under conditions where solutions were heated in the ESI nanospray emitter, or small amounts of m-NBA were added to unheated solutions containing the same noncovalent complex, consistent with thermal denaturation [34] . In contrast to results for large complexes, heated solutions containing smaller proteins, including myoglobin, did not result in a significant change in the observed charge-state distributions whereas addition of m-NBA did result in significant increases to the maximum and average charge states. The similar charge-state distribution in heated and unheated solutions without m-NBA is consistent with rapid folding of the protein in the unheated part of the tip of the ESI capillary [34] or in the ESI droplet as a result of evaporative cooling.
A powerful method to probe molecular conformation is ion mobility spectrometry, which has been applied to a wide range of interesting problems [45] [46] [47] .
Accurate collision cross sections can be obtained from the arrival times of ions in a drift tube instrument and used to infer information about ion structure. These data can provide a constraint for molecular modeling making it possible to eliminate structures that are calculated to be energetically competitive, but that have different cross sections. Traveling wave ion mobility spectrometry (TWIMS) has been recently developed [48, 49] and used to separate conformers of noncovalent complexes [50 -54] . In TWIMS, ions are gated into a low-pressure chamber composed of stacked ring electrodes to which a radio frequency of opposite polarity is applied to adjacent rings, resulting in radial confinement of the ions. DC potentials are superimposed on the ring electrodes at a fixed interval in an axialdirected traveling waveform. Ions can "surf" the traveling wave and are separated from other ions of the same charge state based on their collision cross sections.
To determine whether the enhanced charging observed for complexes in aqueous solutions containing supercharging reagents is due to protein conformational changes and unfolding, effects of solution heating and two supercharging reagents, m-NBA and sulfolane, on the charging of myoglobin were investigated. TWIMS is used to measure changes to ion conformation that accompany enhanced charging observed with both supercharging reagents. In addition, circular dichroism spectroscopy is used to observe and quantify disruption of secondary structure as a function of sulfolane concentration and solution temperature. Together, these data strongly suggest that higher charge states of myoglobin that are formed with these supercharging reagents added to aqueous solutions are significantly more unfolded than the lower charge state ions, and that this unfolding most likely occurs in the electrospray droplets as a result of chemical and/or thermal denaturation.
Experimental
Arrival time distributions and mass spectra were acquired using a hybrid quadrupole/ion mobility/timeof-flight instrument (Synapt High Definition Mass Spectrometer; Waters, Milford, MA, USA) equipped with a Z-spray ion source. Ions were formed using nanoelectrospray emitters prepared by pulling borosilicate capillaries (1.0 mm o.d./0.78 mm i.d.; Sutter Instruments, Novato, CA, USA) to a tip i.d. of ϳ1 m with a Flaming/Brown micropipette puller (model P-87; Sutter Instruments, Novato, CA, USA). A platinum wire (0.127 mm diameter; Sigma, St. Louis, MO, USA) was inserted into the capillary so that contact with the solution was made. Electrospray was initiated and maintained by applying 1-1.3 kV to the wire relative to instrument ground. A cylindrical aluminum collar placed around the capillary, which can be resistively heated with NiCr wire, was used for experiments at elevated solution temperatures [34] . The temperature of the heating collar was monitored continuously with a thermocouple and temperature meter (Omega, Stamford, CT, USA). Myoglobin solutions were prepared from lyophilized powder (Sigma-Aldrich, St. Louis, MO, USA) by dissolution in 20 mM ammonium acetate, pH ϭ 7.0, at a protein concentration of ϳ20 M. m-NBA, and sulfolane were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used without further purification.
The TWIMS mobility cell was operated in linear ramp mode for wave height (5-16 V) with wave velocity at 300 m/s, and a pressure of 0.4 Torr of argon. Pressures were maintained at 1.4, 1.6 ϫ 10
Ϫ2
, and 8.3 ϫ 10 Ϫ7 Torr in the backing, trap, and TOF regions, respectively. The TOF analyzer was operated in "V" (single reflectron) mode. Mass spectra were smoothed three times using the Waters MassLynx software Mean smoothing algorithm with a 5 unit window and arrival time distributions were smoothed three times with a 1 unit window.
Circular dichroism (CD) spectra were measured on a Jasco Model 810 spectropolarimeter (JASCO, Inc., Easton, MD, USA). Temperature melts, monitored at 222 nm, were performed with 1 M myoglobin in Milli-Q water (Millipore, Billerica, MA, USA) containing 0%, 2.5%, 5.0%, and 7.5% sulfolane. The solution temperature was increased from 25 to 75°C by 1°C/min over 50 min in a 1 cm quartz cuvette with constant mixing using a Teflon stir bar. Wavelength scan experiments were performed with the same ϳ1 M myoglobin in Milli-Q water (Millipore, Billerica, MA, USA) containing 0%, 2.5%, 5.0%, and 7.5% sulfolane at fixed temperatures to qualitatively observe protein unfolding.
Equilibrium chemical denaturant melts were obtained by titrating myoglobin solutions (ϳ10 M in 20 mM phosphate buffer, pH 6.9) containing 0%, 2.5%, 5.0%, and 7.5% sulfolane with ϳ6 M guanidine hydrochloride (GdmCl) (MP Biomedicals, Solon, OH, USA) in a 1 cm quartz cuvette with constant mixing using a Teflon stir bar. The CD 222 nm unfolding curves were normalized, baseline-corrected, and fit to a two-state model, U º N, where U is the unfolded state and N is the native state of myoglobin. The free-energy of folding, ⌬G N , was obtained from the fit profiles using eq 2,
where f u is the fraction unfolded, R is the gas constant, T is temperature, and m is the linear proportionality constant.
Negative ion mass spectra were obtained with a quadrupole time-of-flight mass spectrometer equipped with a Z-spray ion source (Q-TOF Premier, Waters, Milford, MA, USA) [34] . Ions were formed using nanoelectrospray emitters as described above. Myoglobin solutions were prepared from lyophilized powder (SigmaAldrich, St. Louis, MO, USA) by dissolution in 200 mM ammonium acetate, pH ϭ 8.0, at a protein concentration of ϳ10 M.
Results
Ion Mobility m-NBA. Nanoelectrospray mass spectra of myoglobin in aqueous 20 mM ammonium acetate solution, pH 7.0, with 0 to 0.40% m-NBA are shown in Figure 1 . Without m-NBA, the charge-state distribution is narrow and the average and maximum charge states are 7.9ϩ and 9ϩ, respectively ( Figure 1a ; Table 1 ). No apomyoglobin or heme is observed, indicating that the transfer of ions from solution through the TWIMS mobility cell and TOF instrument is sufficiently gentle that no dissociation occurs. Addition of 0.03% m-NBA (Figure 1b ) results in a modest shift in the average charge state to 8.4ϩ and no dissociation of the complex occurs. A more significant shift in the average (9.7ϩ) and maximum (15ϩ) charge state is observed with 0.10% m-NBA (Figure 1c) . A small abundance of heme ϩ (m/z 616) and the corresponding 10ϩ and 9ϩ charge states of apomyoglobin are observed. With 0.4% m-NBA, the average and maximum charge state is 11.7ϩ and 19ϩ, respectively. Heme ϩ and high charge states of apomyoglobin are also observed with low abundance indicating that a small fraction of the noncovalent complex has dissociated. Results from Loo and coworkers indicate that addition of up to 1.0% m-NBA does not affect the conformation of myoglobin in bulk solution [43] . This suggests that the appearance of heme ϩ and apomyoglobin at higher concentrations of m-NBA is not due to changes in protein conformation as a result of its addition to the initial solution, but rather, dissociation of myoglobin must occur either in the electrospray droplet or in the gas phase.
Ion mobility data for ions formed from each of these solutions were obtained and these data are shown in Figure 2 . The relative ion abundances are also given in Figure 2 to show how these change with increasing m-NBA concentration. The arrival time distributions (ATDs) of ions with the same charge state that were formed from solutions containing different amounts of m-NBA are overlaid. In each case, the ion mobility data for a given charge state do not appear to depend significantly on m-NBA concentration. However, these data do show that the higher charge state ions that are formed with m-NBA have significantly higher cross sections, consistent with more unfolded structures. The arrival time data were not calibrated, so these data only provide information about relative differences in conformation for each charge state.
There is a single peak in the ATDs of each of the 7ϩ-9ϩ charge states, with equal reduced arrival times, calculated by multiplying the estimated peak centroids by the charge state [55] , for the 7ϩ and 8ϩ (ϳ68 ms) and a slightly longer reduced arrival time for the 9ϩ (ϳ73 ms), consistent with a single conformer or family of conformers with similar collision cross sections for each charge state. These data, taking into account the nonlinear relationship between arrival time and mobility [56] , indicate that the 7ϩ and 8ϩ ions have similar cross sections and that of the 9ϩ is slightly higher. Based on drift tube IMS results for the 8ϩ and 9ϩ ions of apoand holomyoglobin by Shelimov and Jarrold [57] , these longer reduced arrival time (ϳ83 ms) consistent with partial unfolding for some fraction of the population. There are three and four well resolved peaks in the ATDs of the 11ϩ and 12ϩ, respectively, and these peaks occur at longer reduced arrival times than those for the lower charge states, indicating that even the more compact conformers of these charge states are partially unfolded. The 13ϩ also has multiple peaks in the ATD. The most compact conformer (ϳ107 ms) is a minor fraction of the population indicating that the majority of these ions are more unfolded. Multiple conformers are also observed for the 14ϩ and 15ϩ but just a single peak is observed for the 16ϩ-19ϩ ATDs. The reduced arrival times for these high charge state ions progressively increase with increasing charge. These data, taking into account the nonlinear relationship between arrival time and mobility [56] , indicate a slight increase in cross section with charge, consistent with the trend of increasing collision cross sections measured by Shelimov and Jarrold for denatured apomyoglobin up to 22ϩ [57] .
Sulfolane. Nanoelectrospray mass spectra of myoglobin (in aqueous 20 mM ammonium acetate, pH 7.0) with 0% to 1.0% sulfolane are shown in Figure 3 . (Figure 1) . The ATDs and reduced arrival times for ions formed from solutions containing sulfolane are shown in Figure  4 , and these data are overlaid the same as those in Figure 2 . As was the case with m-NBA, the ATD data for a given charge state does not depend significantly on the sulfolane concentration for most charge states, but the high charge states that are only formed with sulfolane present are significantly unfolded. The ATDs for each charge state (Figure 4) are very similar to the corresponding data obtained with m-NBA (Figure 2) , suggesting comparable extents of unfolded structure. There are some differences in relative peak intensities within a distribution, e.g., data for 13ϩ in Figures 2 and  4 , but the reduced arrival times of these peaks are nearly identical, indicating that the same conformers or multiple unresolved conformer families exist, but the relative populations of these conformers can differ slightly.
Solution Heating
Nanoelectrospray mass spectra of myoglobin in aqueous 20 mM ammonium acetate, pH 7.0, with the solution in the nanospray capillary heated to 30 and 88°C are shown in Figure 5 . There is no increase in the maximum charge state and only a minor increase in the average charge state at the higher temperature. This result is consistent with previous results [34] , although no loss of heme is observed under these conditions. The ATDs of the 7ϩ-9ϩ ions do not depend on the capillary temperature and the data for these charge states are very similar to those for the corresponding charge states formed from unheated solutions that contain either m-NBA or sulfolane.
Circular Dichroism Spectroscopy
The stability of the native state of myoglobin as a function of sulfolane concentration was investigated using circular dichroism at 222 nm, which reflects the extent of ␣ helical structure in proteins [58] . In these experiments, solutions containing ϳ10 M myoglobin in 20 mM phosphate buffer, pH ϭ 6.9, and either 0%, 2.5%, 5.0%, or 7.5% sulfolane were titrated with ϳ6 M guanidine hydrochloride. Unfolding curves are shown in Figure 6a . Higher concentrations of sulfolane could not be used because sulfolane absorbs at these wavelengths and therefore interferes with the measurement near 10% concentration. Also, m-NBA was not used due to interference with the measurement at concentrations Ն 0.1%. The CD 222 nm denaturation profiles were normalized, baseline-corrected, and fit to a two-state No observable loss of helicity occurs with even the highest sulfolane concentration that was used for CD 222 nm analysis (7.5%) at room-temperature. Therefore, the relative helical content of myoglobin was measured as a function of temperature between 25 and 75°C for solutions containing 0%, 2.5%, 5.0%, and 7.5% sulfolane (Figure 6b) . Without sulfolane, myoglobin retains considerable helicity at higher temperatures (Figure 6b ), consistent with previous CD 222 nm measurements [59] . The effects of sulfolane at higher concentration and higher temperature are more pronounced. A significant loss of helicity occurs between 50 and 65°C at the highest concentra- tion. Effects at even higher temperature were not investigated because myoglobin can aggregate at temperatures above this range [60] . CD spectra of ϳ10 M myoglobin with 5% sulfolane at 25, 35, 45, 55, 65 , and 75°C are inset in Figure 6b . These spectra clearly show that significant unfolding of myoglobin occurs by 75°C.
Supercharging of Negative Ions
Negative ion nanoelectrospray mass spectra of 10 M myoglobin (in aqueous 200 mM ammonium acetate, pH 8.0) with 0% to 0.4% m-NBA and 0% to 1.0% sulfolane are shown in Figure 7 . Charging is enhanced with increasing concentrations of both reagents, with m-NBA having a greater effect than sulfolane on a per mole basis (Table 1) . Some heme Ϫ and apomyoglobin with slightly higher average charge is observed with 0.4% m-NBA ( Table 1 ). The extent of supercharging is significantly less than that observed for positive ions formed from the same solutions (Table 1) .
Konermann and Douglas previously reported that the extent of charging of denatured ubiquitin and cytochrome c is much lower for negative ions than for positive ions [61] . To determine if the extent of charging of myoglobin for negative ions has a similar insensitivity to protein conformation, positive and negative ion mass spectra of a 5 M myoglobin solution containing 50% acetonitrile were obtained with all instrument parameters the same except for the instrument polarity (Figure 8 ). Significant loss of native structure of myoglobin in this solution was confirmed by CD spectroscopy, and is consistent with apomyoglobin as the major charge state distribution in both mass spectra. The extent of charging for positive ions is much greater than for negative ions ( Figure 8 , Table 1 ). These results suggest that the extent of charging of myoglobin for negative ions can be similarly insensitive to structural change as was reported for denatured ubiquitin and cytochrome c [61] . This relative insensitivity to structure could account for the much lower supercharging observed for negative ions compared with positive ions if supercharging in purely aqueous solutions is caused by a change in protein structure as a result of chemical and/or thermal denaturation in the electrospray droplet. In contrast to these results, Fenselau and coworkers observed much higher charge states for negative myoglobin ions electrosprayed from 50% methanol solutions at both acidic and basic pH [62] . This discrepancy illustrates the difficulty of trying to ascribe ESI analyte charging phenomena, including supercharging, to a single parameter, where many competing factors, including instrumental parameters, are at work.
Discussion
The ion mobility data provide compelling evidence that the higher charge state ions of myoglobin, formed when small amounts of either m-NBA or sulfolane are added to aqueous solutions, are significantly more unfolded than the lower charge state ions formed with or without the supercharging reagents. The charge-state distributions in ESI mass spectra can reflect the conformation of proteins in solution [17, 18] , with folded native-like structures having fewer charges than structures that are more unfolded. The increased charging observed with higher concentrations of supercharging reagents is consistent with a change in the solution-phase conformation from more native to more unfolded structures. Both our CD results and those of Loo and coworkers [43, 44] indicate that neither m-NBA nor sulfolane significantly affect the secondary structure of myoglobin when these reagents are in the initial solutions at low concentration. In addition, results from hydrogen deuterium exchange (H/DX) experiments with both ubiquitin and the protein heterodimer barnase-barstar, indicate that tertiary and quaternary structure is also not significantly affected by the low concentrations of supercharging reagent in the initial solution [63] .
Our CD results clearly demonstrate that myoglobin is destabilized with increasing sulfolane concentration by 1.5 Ϯ 0.1 kcal/mol/M. By comparison, the guanidine hydrochloride used in these experiments destabilizes myoglobin by ϳ4.7 kcal/mol/M. Therefore, sulfolane is ϳ30% as effective as guanidine hydrochloride, a widely used chemical denaturant, for destabilizing the native structure of myoglobin. Thus, the conformational change of myoglobin caused by these supercharging reagents, as indicated both by the increasing chargestate distribution and by the TWIMS data, must occur in solution during droplet evaporation or in the final stages of ion desolvation. Unfolding after formation of the "naked" ions would not by itself result in enhanced charging.
Denaturation of myoglobin in the electrospray droplet could occur either by chemical or thermal denaturation, or a combination of both. Droplet evaporation results in increased concentrations of these supercharging reagents owing to their low vapor pressures. As clearly shown by our CD experiments, the native structure of myoglobin is progressively destabilized with increasing sulfolane concentration, resulting in a greater fraction of these ions that are denatured in the electrospray droplet. In addition, the droplet temperature will increase owing to less evaporative cooling at the later stages of the droplet lifetime.
The similar ion mobility data for the low charge state ions formed with either m-NBA or sulfolane compared with when these supercharging reagents are not present indicate that gross structural changes during ESI do not occur to the entire solution-phase population when low initial concentrations of these supercharging reagents are used. Because the composition of droplets that undergo Rayleigh fission may not be uniform, the lower charge state ions may be formed from those droplets that contain less reagent. There could also be structural differences not reflected in the ion mobility data. However, it is difficult to draw definitive conclusions from these data because many different factors, in addition to structure, affect charging, and additional structural changes may also take place in the gas phase.
Conformational Changes in the Electrospray Droplet
Significant changes in the secondary and tertiary structure of sperm whale myoglobin occur rapidly at temperatures Ͼ ϳ70°C [60] , with at least some loss of heme expected [64] . The similar appearance of the nanospray mass spectra at 30 and 88°C ( Figure 5 ) is consistent with refolding occurring at lower temperature. The ion mobility data in Figure 5 clearly demonstrate that the gas-phase ions formed from the higher temperature solutions have folded conformations with similar cross sections to those ions formed from unheated solutions, consistent with solution-phase folding in the tip of the nano-ESI capillary or potentially in the ESI droplet. Results from previous circular dichroism experiments indicate that myoglobin can fold in the ms time frame [65, 66] , which is sufficiently fast for refolding to occur in the droplet, which is evaporatively cooled, and it has been shown that myoglobin can recover a substantial fraction of its helicity after thermal denaturation [66] . In addition, the temperature-dependent CD measurements made with 0% sulfolane described above show that at 75°C, there is little loss of helical content, so even modest evaporative cooling could allow the protein to refold to a more native state. Therefore, as evidenced by the fast folding observed in these capillary heating experiments, and the ms timescale for folding [65, 66] and unfolding [67] [68] [69] measured by others, it is reasonable to postulate that an unfolding transition can also occur on the timescale of ESI.
The CD 222 nm guanidinium denaturation profiles obtained here show that chemical denaturation is also likely as the concentration of the supercharging reagent in the droplet increases. For example, with the 25°C denaturing strength measured in these experiments (1.5 Ϯ 0.1 kcal/mol/M), a solution initially containing 1% sulfolane (0.11 M) would only need to become enriched in sulfolane by ϳ40ϫ to destabilize the native state of myoglobin ϳ7 kcal/mol so that the free energies of the native and unfolded states are equal. Because sulfolane is significantly less volatile than water (sulfolane b.p. ϭ 287.6°C at 760 Torr), this or even greater extents of enrichment is plausible. Furthermore, results from the temperature-dependent CD 222 nm measurements show that the effects of sulfolane become more pronounced with increasing temperature. Higher droplet temperatures will reduce the magnitude of enrichment necessary to reach a ⌬G N Ϸ 0 kcal/mol for myoglobin. Evidence for enrichment of the supercharging reagent can be inferred from the results of Loo and coworkers who observed supercharging reagents adducted to their protein analytes in the gas phase [43] .
Under the conditions of these experiments, the extent of supercharging obtained with sulfolane is less than that obtained with m-NBA on a per mole basis, although in high enough concentration, sulfolane can supercharge to similar levels observed with lower concentrations of m-NBA. The difference in supercharging extents may be attributed in part to the different boiling points of these two compounds. Sulfolane has a lower estimated boiling point than m-NBA (101°C versus 177°C at 3 Torr, respectively; value for sulfolane at 287°C and 760 Torr [38] is adjusted to 3 Torr [70] ). This would result in a lower extent of droplet heating for solutions containing sulfolane as compared with solutions with m-NBA at the same initial concentration. Again, it is difficult to draw definitive conclusions about the influence of just a single physical parameter because many competing factors contribute to the extent of charging observed in ESI mass spectra, including analyte conformation [17, 18] , surface tension [13, 26, 27] , droplet size [71] , instrumental parameters [20] , solvent and analyte gas-phase basicity [21] [22] [23] 43] , etc.
Loo and coworkers have recently suggested that a significant factor in protein complex supercharging from aqueous solution is proton transfer as a result of the relatively low solution-and gas-phase basicity of the supercharging reagents compared with the protein complex analyte [43] . In addition, they suggest that the supercharged protein complexes may be transferred to the gas phase with the native or native-like conformation intact [43] , although the broader charge state distributions they observed are more consistent with some structural changes to the native conformation(s). m-NBA supercharges to a greater extent than sulfolane on a per mole basis for both positive and negative ions ( Figure 7 , Table 1) suggesting that proton transfer is not the primary origin of charge enhancement.
As clearly shown in a number of previous studies, solvent and analyte gas-phase basicity does affect charging in electrospray ionization [21] [22] [23] 43] , so it cannot be ignored in a study of the mechanism of supercharging. However, our results strongly suggest that protein unfolding is the primary cause of supercharging from aqueous solutions. Loo and coworkers have called into question the charged residue mechanism and the role of solvent surface tension in the ionization of protein complexes because their calculations indicate that these supercharged ions exceed the charge limit predicted by the model for a protein electrosprayed from aqueous solutions containing m-NBA, sulfolane, and benzyl alcohol (another reagent found to supercharge) [43] . However, those chargelimit calculations were made assuming a compact spherical shape of the protein and a spherical droplet, whereas the results shown here strongly suggest that unfolding occurs in the electrospray droplet when proteins are supercharged from purely aqueous solution.
Conclusions
Addition of either m-NBA or sulfolane to aqueous solutions can increase both the average and maximum charge state of proteins and protein complexes. Because both m-NBA and sulfolane have higher boiling points than water, the concentration of these supercharging reagents will increase as droplet evaporation occurs, which will lower the droplet surface tension, and hence lower the maximum charge density of the droplet. As the concentration of the low vapor pressure supercharging reagent increases, evaporative cooling will be reduced compared with droplets that do not contain these supercharging reagents. With reduced evaporative cooling to offset collisional heating that occurs in the ESI interface, the temperature of the droplet will be higher late in the droplet lifetime after most of the more volatile solvent has evaporated. Results from TWIMS experiments clearly show that the higher charge state ions formed from solutions containing these supercharging reagents have conformations that are significantly more unfolded than those of lower charge state ions originating from solutions either with or without the supercharging reagents. Results from CD experiments clearly demonstrate a direct relationship between myoglobin destabilization and sulfolane concentration. Because m-NBA and sulfolane do not appear to affect protein conformation at the low concentrations in the initial solutions, these results strongly suggest that protein unfolding occurs in the electrospray droplet as a result of chemical and/or thermal denaturation owing to higher concentrations of the supercharging reagent and elevated droplet temperature. Thus, the effects of protein unfolding on charging are greater than those of decreased droplet surface tension in these experiments, although other factors, such as basicity of the supercharging reagents, almost certainly influence the extent of charging as well. In contrast, for analytes that undergo only minimal conformational changes, such as many denatured proteins in water/methanol/acetic acid solutions or DAB-16 [13] , droplet surface tension appears to play a primary role in the mechanism of supercharging.
Because droplet evaporation occurs rapidly, addition of these supercharging reagents to solutions containing functional proteins or protein complexes in aqueous solutions can result in denaturation and unfolding after the electrospray droplet is formed. This capability may find applications in protein folding studies where inducing conformational changes is desired. This protein denaturing method could also be used to unfold proteins in solution-phase H/D exchange experiments to produce supercharged ions that are more readily dissociated using electron capture or electron-transfer dissociation. There is increasing evidence that the extent of H/D scrambling can be minimal with electron capture [72] [73] [74] [75] and electron-transfer dissociation [76 -78] so that information about the rates of exchange in solution can be obtained from gas-phase dissociation experiments with individual amino acid resolution. Initial results in our laboratory with solution H/D exchange of ubiquitin followed by top-down electron-transfer dissociation indicate that addition of small amounts of m-NBA to the solutions does not affect H/D exchange rates compared with rates measured by NMR under comparable conditions [63] . Addition of m-NBA in these experiments has the advantage that H/D exchange data can be continuously acquired at room temperature without the need to quench the exchange reaction, and highly charged ions, which are ideal for either electron-transfer or electron capture dissociation, are formed, which may make it possible to extend top-down H/D exchange experiments to even larger proteins and protein complexes.
